Parkinson's disease (PD) is a neurodegenerative disease, whereas Crohn's disease is an inflammatory bowel disease. Interestingly, polymorphisms in the LRRK2 gene have been identified as risk factors for both diseases. LRRK2 G2019S is the most prevalent mutation found in PD. To gain insights into the role of the LRRK2 G2019S gene on the development and activation of the immune system in the brain-gut axis, we investigated the effect of LRRK2 G2019S on bone marrow myeloid progenitors and myeloid cell function in the periphery. We used bacterial artificial chromosome transgenic rats harboring the human LRRK2 G2019S gene. LRRK2 G2019S transgene decreased the numbers of monocytic and granulocytic progenitors in the bone marrow. However, the numbers of peripheral, immature myeloid cells with suppressive activity were increased in the gut and blood circulation of LRRK2 G2019S compared with control rats in various acute and chronic inflammatory responses. In inflammatory conditions, Th17 cell activity was suppressed, but tissueassociated phylum Bacteroidetes was abnormally increased in the intestine of LRRK2 G2019S rats. The abnormally expanded myeloid cells because of the LRRK2 G2019S gene were highly suppressive on Th17 cell differentiation. Moreover, we found that inhibition of LRRK2 kinase affects myeloid progenitors and myeloid cell differentiation. Taken together, the results indicate that abnormal LRRK2 activity can alter bone marrow myelopoiesis, peripheral myeloid cell differentiation, and intestinal immune homeostasis. These findings may have ramifications in immune and inflammatory responses in patients with LRRK2 abnormalities.
Introduction
PD is a neurodegenerative disease primarily affecting dopaminergic neurons of the substantia nigra and other brain nuclei, whereas CD is an inflammatory bowel disease. Polymorphisms in many genes, including the leucine-rich repeat kinase 2 (LRRK2) gene, also called dardarin and Park8, are linked to PD. The G2019S mutation in the LRRK2 gene is the most common genetic cause of PD and is found in both dominantly inherited familial and sporadic PD [1] [2] [3] [4] [5] . Polymorphisms in the LRRK2 gene are also linked to CD [6] [7] [8] . Therefore, the LRRK2 G2019S gene presents a good experimental model to study the role of a single mutation in disease-linked genes in the pathogenesis of both PD and CD.
The LRRK2 gene produces a large protein with 286 amino acids and at least 7 domains, including the N-terminal armadillo repeats (ARM), ankyrin repeats, leucine-rich repeat, Ras of complex proteins (ROCs), C terminus of ROC, kinase, and C-terminal WD40. The ROC domain binds and hydrolyzes GTP, induces LRRK2 dimerization, and activates the kinase domain [5, [9] [10] [11] . Other domains are involved in LRRK2 interactions with many proteins, including 14-3-3 proteins, Wnt signaling pathway proteins, mitogen-activated kinase, and microtubules [12] [13] [14] [15] . The G2019S mutation is localized to the kinase domain and increases kinase activity [16] . Because of the association of LRRK2 gene polymorphisms with PD, most research activities on LRRK2 have been focused on neuronal cells. However, LRRK2 is widely expressed in the body, including in immune cells [17] [18] [19] [20] , and LRRK2 regulates diverse biologic functions, including mitochondrial function, cellular signaling, neurite growth, cellular vesicle trafficking, and autophagy [21] [22] [23] [24] [25] . Much effort has been focused on identified substrates, such as Rab GTPases, which are phosphorylated by LRRK2 [22, 26, 27] .
Mounting evidence suggests that LRRK2 may regulate the immune system. However, the function of LRRK2 in the innate and adaptive arms of the immune system remains largely unclear. Recent studies indicate that LRRK2 affects certain myeloid cells. LRRK2-deficient mice were highly susceptible to colitis [28] , and this is associated with the function of LRRK2 in restraining NF-AT. LRRK2 regulates monocyte adhesion to endothelial cells [29] , and the LRRK2 G2019S mutation increases chemotactic activity of myeloid cells [30] . Importantly, LRRK2 expression appears to be highest in circulating immune cells, such as myeloid cells and B cells, compared with other cells, including brain tissue cells [19, 20] . LRRK2 expression is increased by IFN-g in Mfs and in inflamed CD lesions [20, 31] . Taken together, these data suggest that it is critical to understand how alterations in LRRK2-mediated immune function may underlie both PD and CD.
We hypothesized that the LRRK2 G2019S gene affects myeloid cell differentiation and peripheral T cell phenotype, which can influence immunity and inflammatory responses in peripheral tissues, such as the intestine and other tissues. Using BAC transgenic rats harboring the human LRRK2 G2019S gene, which manifest preclinical features of PD in the absence of an end-stage phenotype [25] , we determined the effect of LRRK2 G2019S gene on bone marrow myelopoiesis, peripheral myeloid differentiation, and effector T cell phenotype. Here, we report that the LRRK2 G2019S gene abnormally alters marrow myelopoiesis and peripheral myeloid cell differentiation, leading to decreased Th17 cell activity. These findings may have ramifications in our understanding of dysregulated immune responses in patients with LRRK2 polymorphisms.
MATERIALS AND METHODS

Animals and in vivo treatments
Control and G2019S hemizygote Sprague-Dawley rats on NTac:SD background were obtained from Taconic Biosciences (Hudson, NY, USA). The LRRK2 G2019S rats were developed by the laboratory of C. Li and the Michael J. Fox Foundation (New York, NY, USA). All experiments with animals were approved by the Purdue Animal Care and Use Committee. To induce an acute inflammatory response in the colon with TNBS, 7-10-mo-old control and LRRK2 G2019S male rats were fasted overnight and received an intrarectal administration of TNBS (50 mg/kg of body weight in 50% ethanol; SigmaAldrich, St. Louis, MO, USA) as described previously [32] . TNBS-treated animals were sacrificed 6 d after TNBS challenge. To induce chronic inflammatory response in the colon with DSS (MP Biomedicals, Solon, OH, USA), 7-10-mo-old control and LRRK2 G2019S male rats were fed drinking water containing 4-5% DSS for ;25 d (Supplemental Fig. 1 ). To induce a systemic inflammatory response, 6-7-mo-old, male rats were injected once with LPS (1.2 million EU/kg, i.p; Sigma-Aldrich) on d 0 and were sacrificed on d 15. Frequencies of indicated myeloid and T cells in the colon, blood, and brain tissues were examined by flow cytometry as described below.
Cell isolation and flow cytometry
Bone marrow cells from 6-11-mo-old, male rats were prepared by flushing femurs with PBS using 27-gauge needles. Blood was collected with a rat guillotine in heparin-containing tubes following decapitation. Bone marrow and blood cells were treated with a hypotonic lysis buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA) to lyse RBCs. To prepare colon lamina propria cells, colon tissues were cut into 1-cm tissues and treated with EDTA (10 mM; Sigma-Aldrich) to remove epithelial cells and mucus followed by digestion with collagenase at 37°C for 60 min to release lamina propria cells. /well) in U-bottom, 96-well plates for 5 d in the presence of SEB (5 mg/ml) for TCR activation. For Th17 culture, hTGF-b1 (5 ng/ml), mIL-6 (20 ng/ml), mIL-1b (10 ng/ml), mIL-23 (10 ng/ml), mIL-21(10 ng/ml), mTNF-a (20 ng/ml), anti-mIL-4 (11B11, 10 mg/ml), and anti-mIFN-g (XMG1.2, 10 mg/ml) were used. For Th1 culture, hIL-2 (100 U/ml), mIL-12 (10 ng/ml), and anti-mIL-4 (10 mg/ml) were used. For Tnp, hIL-2 (100 U/ml) was added. All cytokines were from BioLegend. To assess suppressive activity of myeloid cells on T cell proliferation, the dilution of CFSE because of cell division was assessed by flow cytometry.
Myeloid colony forming assays
Bone marrow cells (5 3 10 4 ) were plated in each plate (3 cm) containing 0.2% agar-containing RPMI-1640 medium supplemented with 10% FBS, mM-CSF (10 ng/ml), murine granulocyte (G)-CSF (10 ng/ml), murine G Mf-CSF (10 ng/ml), and/or rat SCF (50 ng/ml). Bone marrow cells (5 3 10 5 ) were also plated in 2.1% methylcellulose-containing RPMI-1640 medium supplemented with 30% FBS, hemin (4 mM), human erythropoietin (20 U/ml), mM-CSF (10 ng/ml), murine G-CSF (10 ng/ml), rat SCF (50 ng/ml), and/or mIL-3 (10 ng/ml). The plates were incubated for 7 d in a CO 2 incubator at lowered (5%) oxygen concentration, and all myeloid colonies bigger than cell clusters (;40 cells) were counted.
PCR analysis of mRNA expression and tissue-associated bacteria
For measuring mRNA expression, total RNA of proximal colon tissues or cultured bone marrow cells was extracted using TRIzol solution (Thermo Fisher Scientific), and converted to cDNA with SuperScript II reverse transcriptase (Thermo Fisher Scientific). SYBR green-based quantitative PCR was performed on ABI 7300 (Thermo Fisher Scientific). The signals were normalized with the mouse Actb (b-actin) signal. For measuring bacteria levels in colon tissues, we followed the method published previously [33] . Briefly, 16S rRNA gene-amplifying primers specific for each bacterial group were used for a SYBR green-based quantitative RT-PCR assay to measure bacteria in DNA isolated from colon tissues with QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA). The signals were normalized with the signal of the mouse genomic Actb gene. Primers used for this study are listed in Supplemental Table 1 .
Statistical analysis
Student's t test (1 or 2-tailed) was used to determine the significance of differences between 2 groups. Differences in body weight changes after TNBS or DSS treatment were examined by a repeated measures ANOVA (SAS, version 9.2; SAS Institute, Cary, NC, USA). P # 0.05 was considered significant.
RESULTS
Decreased numbers of bone marrow myeloid progenitors in LRRK2 G2019S transgenic rats
To assess the effect of the PD-associated human LRRK2 G2019S gene on myelopoiesis, we examined numbers of bone marrow myeloid progenitors with colony-forming assays. The numbers of myelopoietic progenitors responsive to stimulation with SCF and GM-CSF or GM-CSF alone; SCF and M-CSF or M-CSF alone; and SCF and G-CSF or G-CSF alone were significantly decreased in the bone marrow of LRRK2 G2019S rats compared with control rats (Fig. 1A) . The decrease of myeloid progenitors described above was confirmed with a complementary methylcellulose colony assay containing M-CSF and SCF or GM-CSF, SCF, EPO, and IL-3 (Fig. 1B) . We also examined the frequency and phenotype of peripheral myeloid cells in the LRRK2 G2019S and control rats. RP-1 + cells represent peripheral myeloid cells, including primarily granulocytic myeloid cells in rats [34] , and HIS48 is expressed by both granulocytic and monocytic myeloid cells [35] . RP-1 + myeloid cells are divided into HIS48 + and HIS48 ++ cells (Fig. 1C) . The numbers of these subsets were somewhat decreased in the peripheral blood of LRRK2 G2019S rats, but the decrease was not statistically significant (Fig. 1C) . The 2 subsets were sorted and stained with a Giemsa method. RP1 + HIS48 + cells were of largely granulocytic lineage whereas HIS48 ++ cells were largely monocytic lineage myeloid cells (Fig. 1D ).
Abnormal expansion of peripheral RP-1 + myeloid cells in LRRK2 G2019S rats during inflammatory responses
Tissue inflammation is associated with both PD and CD [36, 37] . Next, we examined peripheral myeloid cell responses during steady state and inflammatory responses in control and G2019S transgenic rats ( Fig. 2 and Supplemental Fig. 1 ). TNBS induces a T cell-mediated inflammatory response in the colon as a hapten [32] . In steady states, few RP-1 + myeloid cells were detected in colon tissues, but their numbers were increased after an acute challenge with TNBS. In TNBS-treated rats, RP-1 + myeloid cell numbers were more increased in the colon of LRRK2 G2019S than in that of control rats following the TNBS challenge. Because TNBS-induced colitis is an acute inflammatory response, we also employed a more chronic intestinal inflammation model induced with DSS during a 25-d period. In this model, DSS damages intestinal epithelial barrier, resulting in bacterial invasion and tissue inflammation. In DSS-induced colitis, the numbers of colonic RP-1 + myeloid cells were more greatly increased in LRRK2 G2019S rats compared with control rats (Fig. 2A) . However, we did not find any clear differences in RP-1 + cell numbers between the brain tissues of control and LRRK2 G2019S rats ( Fig. 2A) . Because TNBS and DSS treatments induce inflammatory responses mainly in the intestine, we also employed a systemic inflammation model induced with LPS injection. LPS administration i.p. resulted in many more RP-1 + myeloid cells in the blood of LRRK2 G2019S than control rats (Fig. 2B) . These results indicate that the LRRK2 G2019S gene causes abnormal myeloid cell expansion in inflamed but not in unaffected tissues. In all inflammation models, we did not see any clear differences in weight change between WT and LRRK2 G2019S rats (Supplemental Fig. 1) .
Because IL-17 is a key cytokine that regulate microbiota in intestinal inflammation, we examined the expression of the il17a gene and levels of tissue-associated microbiota in control and TNBS-treated rats. Il17a expression was greatly induced by the TNBS treatment in control rats but this induction was greatly dampened in the colon of LRRK2 G2019S rats (Fig. 2C) . Because the phylum Bacteroidetes is a dominant tissue-associated bacterial group increased in patients with Crohn's disease [38] , we assessed Bacteroidetes levels in colon tissues. Colon tissue-associated Bacteroidetes were abnormally increased in LRRK2 G2019S rats (Fig. 2D) . These results indicate dysregulated intestinal immune homeostasis in LRRK2 G2019S rats.
Decreased Th17 cell response in the gut of LRRK2 G2019S transgenic rats Effector T cells, such as IL-17-producing Th17 and IFNg-producing Th1 cells, are generated during acute and chronic inflammatory responses [39] . We found that numbers of Th17 and Th1 cells were decreased in the colon, but not brain, tissues of TNBS-treated LRRK2 G2019S rats (Fig. 3A) . Numbers of Th17, but not Th1, cells were decreased also in DSS-treated LRRK2 G2019S compared with control rats (Fig. 3B) . Numbers of Th17 cells were also decreased in the blood circulation of LPS-treated rats (Fig. 3C) . These results indicate that effector T cell responses, particularly Th17 cell responses in affected tissues, are dampened in the LRRK2 G2019S rats during both intestinal and systemic inflammatory responses.
Myeloid cells generated from LRRK2 G2019S rats have T cell-suppressing activity in vitro
Myeloid cells can either support or suppress effector T cell responses, depending on their differentiation stages and milieu. It has been reported that RP1-or HIS48-expressing rat myeloid cells display suppressive activity on T cell proliferation [35, 40] . We cultured bone marrow cells isolated from control and LRRK2 G2019S TG rats in the presence of M-CSF. In vitro culture of bone marrow cells generated RP1/HIS48-expressing myeloid cells. The bone marrow cells of control and LRRK2 G2019S rats were different in generating RP-1 high myeloid cells, but not other cells expressing HIS48 (Fig. 4A) . Interestingly, the myeloid cells differentiated from LRRK2 G2019S rat marrow cells displayed greater suppressive activity on the proliferation of spleen CD4 + T cells compared with myeloid cells generated from the control rat marrow cells (Fig. 4B) . These results indicate that the LRRK2 G2019S gene abnormally promotes the generation of suppressive myeloid cells in inflammatory conditions.
Myeloid cells generated from LRRK2 G2019S transgenic rats are defective in supporting Th17 cell differentiation in vitro
We, next, studied the effect of the myeloid cells harboring the human LRRK2 G2019S gene on effector T cell differentiation. We cocultured M-CSF-activated bone marrow-derived myeloid cells and CD4 + T cells for 5 d in the presence of the superantigen SEB in various cytokine conditions that promote nonpolarized (Tnp), Th17, and Th1 differentiation. Under all cytokine conditions, Th17 cell differentiation was suppressed by the LRRK2 G2019S myeloid cells compared with control myeloid cells (Fig. 5A) . However, control and LRRK2 G2019S myeloid cells were not different in supporting Th1 cell differentiation. To gain further insights into the phenotype of myeloid cells, we examined the expression of selected genes in cultured control and LRRK2 G2019S myeloid cells (Fig. 5B) . The control and transgenic myeloid cells were different in mRNA expression in that the expression of il6 (IL-6) and il12a (IL-12a) was increased, whereas that of arg1 (arginase 1), ido (indoleamine 2,3-dioxygenase), and tgfb1 (Tgfb1) was decreased. Altered expression of these genes indicates that the LRRK2 G2019S transgene profoundly affects myeloid cell differentiation and function. Moreover, LRRK2 inhibitors suppressed myeloid colony formation (Supplemental Fig. 2) , indicating the importance of normal (or natural) levels of LRRK2 activity in maintaining myelopoietic activity.
LRRK2 inhibitors altered the expression of il6, il1b, il23a, and arg1, but not Tgfb1 and inos (inducible nitric oxide synthase), in cultured myeloid cells (Fig. 6A) . To gain further insights into the effect of suppressed LRRK2 activity in myeloid cells on T cell (Fig. 6B) . Their activity to support Th1 cells was somewhat decreased, but that difference from control cells was not statistically significant. Thus, suppressed LRRK2 kinase activity can also affect the differentiation and phenotype of myeloid cells. 
DISCUSSION
The results of this study reveal a potentially important role of LRRK2 in regulating myelopoiesis and myeloid cell functions in the periphery. The G2019S mutation lies in the kinase domain of LRRK2 protein and increases its kinase activity. Moreover, the LRRK2 G2019S BAC transgenic rats express human LRRK2 at levels 5-8-fold greater than that of natural rat LRRK2 [41] , thus increasing the overall activity of LRRK2. We identified a negative role of the human LRRK2 G2019S gene in bone marrow myelopoiesis (Fig. 7) . Interestingly, the mutant LRRK2 gene induces peripheral expansion of myeloid cells with a suppressive function on T cells during inflammatory responses. Myeloid cells with the LRRK2 G2019S gene were defective in supporting Th17 cell response. Given the importance of myeloid cells and Th17 cells in the immune system [39] , our findings present a potential link between the LRRK2 G2019S gene and dysregulated immune and inflammatory responses.
We found that the LRRK2 G2019S gene affects numbers of myeloid progenitors responsive to myelopoietic cytokines that stimulate granulocyte, Mf, and granulocyte-Mf progenitors. Moreover, suppressed natural rat LRRK2 activity by LRRK2 inhibitors also caused decreased myelopoietic activity, at least in vitro. These results indicate that optimal regulation of LRRK2 activity is important for homeostasis of myelopoiesis. Myelopoiesis in the bone marrow is regulated by various cell types and hematopoietic cytokines. Homeostasis of myelopoiesis is required for production of optimal numbers of myeloid lineage cells for innate and adaptive immunity. Myelopoiesis is often suppressed in certain pathologic conditions caused by mutations in key genes or after ablative therapies in patients with cancer and autoimmune diseases.
LRRK2 regulates many important intracellular signaling molecules, such as MAPK, NF-AT, and protein kinase A [28, 42, 43] , which profoundly regulate myeloid cell maturation. In general, the LRRK2 G2019S gene causes increased phosphorylation of MAPK and related signaling pathways [44, 45] . LRRK2-deficient mice had microglial abnormalities, such as decreased inflammatory response to LPS ,and increased motility because up-regulated expression of CX 3 CR1, whereas microglial cells in LRRK2 G2019S mice had decreased motility because of defective focal adhesion kinase signaling [46, 47] . Myelopoietic growth factors, such as M-CSF and GM-CSF, activate MAPK/ERK1/2 pathways and NF-AT [48, 49] , which are also known to be regulated by LRRK2 [28, 43] . Therefore, aberrant regulation of these signaling pathways because of abnormal LRRK2 activity could also change myeloid cell responses to cytokines. Further studies of these effects, in the future, may enhance our understanding.
Maturation and terminal differentiation of myeloid progenitors continue in the periphery, and this is greatly altered during inflammatory responses [50, 51] . We observed that the RP-1 + myeloid population was abnormally increased in LRRK2 G2019S rats upon inflammatory challenges. RP-1 + myeloid cells have immune suppressive functions, mimicking that of myeloidderived suppressor cells in mice and humans [35, 40] . This response during inflammatory responses contrasts with the decreased myelopoiesis in the bone marrow of steady-state LRRK2 G2019S animals. The expansion of RP-1 + cells occurs only in active sites of inflammatory responses, such as the intestine, but not in the brain in LRRK2 G2019S rats. In this regard, we previously determined that the brain of LRRK2 G2019S rats has preclinical features but not the end-stage phenotype of PD [25] . Detailed analysis of the nigrostriatal dopamine system in the transgenic rats should be performed, and that should be correlated with intestinal inflammatory responses in the future. Interestingly, the function of the expanded myeloid cells was suppressive on T cells rather than activating, indicating that they are either immature or suppressive myeloid cells. The suppressive phenotype is often associated with immature myeloid cells or alternatively activated Mfs, which are often found in cancer and chronic infection or inflammatory responses [52, 53] . In addition to LRRK2 G2019S model, we also examined the effect of decreased LRRK2 kinase activity on myeloid cells using LRRK2 inhibitors. M-CSF-activated myeloid cells, differentiated in the presence of LRRK2 inhibitors, had increased activity in supporting Th17 cell differentiation. This result complements the finding that the gain-of-function G2019S mutation in myeloid cells decreased Th17 differentiation. We observed altered expression of Th17-inducing cytokines, such as IL-6, IL-1b, and TGFb1, when LRRK2 function was altered by either the G2019S gene or inhibitors, but the changes in cytokine expression do not accurately explain the changes in Th17-inducing activity of myeloid cells, warranting additional studies. Peripheral myeloid cells affect T cell differentiation into effector T cells, such as Th17 cells, which produce IL-17 to promote neutrophil recruitment and activation [39] . Moreover, Th17 cells stimulate intestinal epithelial cells for barrier immunity [54] . We found that the myeloid cells generated from the marrow progenitors of LRRK2 G2019S animals are defective in supporting Th17 cell activity. We also observed that Bacteroidetes levels in colon tissues were abnormally increased in LRRK2 G2019S vs. control rats. We speculate that the defective Th17 response, associated with LRRK2 G2019S gene, has the potential to affect immunity and inflammatory responses in humans.
In summary, the human LRRK2 G2019S gene causes decreased bone marrow myelopoiesis and dysregulated peripheral myeloid phenotype during inflammatory responses, leading to defective Th17 generation (Fig. 7) . The dysregulation of peripheral immune cells discovered in this study is likely to affect peripheral immunity and associated inflammatory responses and has the potential to affect inflammatory conditions in multiple organs, including the intestine and brain.
